In vivo rodent tail models are becoming more widely used for exploring the role of mechanical loading on the initiation and progression of intervertebral disc degeneration. Historically, finite element models (FEMs) 
Introduction
In recent years, there has been increasing interest in the use of in vivo rodent tail models to study the effects of mechanical stimuli on disc health, due in part to practical advantages in cost, access to the motion segment, and control of load magnitudes and configurations. Using these animal models, we have investigated the effects of static/dynamic uniform compression and bending in mouse tails ͓1-7͔, while others have explored distraction ͓8-10͔, immobilization ͓11,12͔, static compression, ͓8,9,11͔, static bending ͓13-15͔, and periodic cyclic compression ͓12,16-18͔ in rat tails. The growth of this focused research area warrants the development of computational models that will assist scientists generate and test hypotheses in mechanobiology based on predictions of spatially varying stress/strain, and, ultimately, in extrapolating these hypotheses to larger animals or humans.
Because of its capability for simulating the disc's inherent structural anisotropy and heterogeneity, finite element analysis ͑FEA͒ has been widely used for studying the effects of loading in intervertebral discs. Regional interactions among nucleus pulposus, annulus fibrosus, and cartilaginous endplates consequently result in a large number of material parameters that define the disc's overall mechanical behavior. Compounding this regional complexity is a time-dependent mechanical behavior arising from interstitial fluid-matrix interactions and the inherent viscoelastic nature of biological materials ͓19͔. Most disc finite element models ͑FEMs͒ reported previously, however, have been concerned mainly with its elastic response, and consequently implement only linearly elastic material definitions for both bone and soft tissues ͓20-22͔. These models, which do not consider the contributions of fluid pressurization and exudation from the disc during loading, cannot simulate the transient creep behavior of the disc or distin-guish stress borne by the solid matrix from that borne by fluid pressure. Other models represent the time-dependent behavior phenomenologically either by combining intrinsic viscoelasticity of the solid matrix and resultant effects of interstitial fluid flow within an overall viscoelastic material definition ͓23͔ or by artificially dissipating a fluid-filled nucleus ͓24͔. Previous analyses in our laboratory demonstrated that the contribution of pore pressure to load-bearing is important, and should be included to understand the nature of the solid-fluid interactions ͓5͔.
Although extensive characterization and validation studies have been performed for FEMs of human discs ͓25-27͔, clear differences in geometry and scale limit the potential for relationships to be drawn between existing human disc FEA and experimental data from rodent tail discs. These issues with scale as well as possible differences in material properties may dramatically affect mechanical response. For instance, Elliott and Sarver demonstrated that while compressive stiffness of rodent tail discs is similar to that of rodent lumbar discs in the linear regions of their stress-strain curves, toe region stiffness is much lower and the "neutral zone" larger for tail discs ͓28͔. These observations emphasize the need for disc models that are specifically generated and validated for a particular anatomic location and species.
Previously, a number of studies by our group and others ͓2,26,29-41͔ have employed FEMs of the motion segment in which soft tissues of the disc are defined as saturated porous media. Originally developed for the analysis of soils ͓42͔, these poroelastic continuum formulations assume a solid matrix that contains voids through which fluid flows. This formulation was first applied to biomechanics for studying cartilage compression ͓43͔, and has become widely implemented for modeling other musculoskeletal tissues ͓44-60͔. In this paper, we extend our previously reported model of the mouse tail disc ͓2͔ and present a modified, more rigorously validated FEM that provides more robust predictions of regional variations in stress/strain fields. This improved fidelity will be critical for testing mechanobiologic hypotheses that relate regional stress/strain to disc cell function. The specific objectives of this study were threefold:
͑1͒ examine the FEM during static compression to identify regional tissue deformations that may correspond with previously observed biological phenomena; ͑2͒ perform a sensitivity analysis of the material properties of the soft tissue structures to highlight which tissues and constitutive models most critically influence model performance; and ͑3͒ identify the contributions of swelling pressure and intrinsic collagen viscoelasticity to the gross transient response of the statically loaded disc.
Methods
Finite Element Model. A nonlinear FEM was generated for the murine tail disc. The sagittal plane cross section of one motion segment, age-matched and at the same anatomic level of previous in vivo studies performed in our lab, was used to obtain a representative geometry of the disc. Specifically, a motion segment inclusive of the ninth and tenth caudal vertebrae and their intervening disc was excised from the mouse tail, then immediately fixed in formalin, decalcified, and processed through a graded series of ethanol and xylene. Afterward, the sample was embedded in paraffin and sectioned at a thickness of 6 m. To delineate boundaries among the various disc subregions, a section near the midsagittal plane was viewed histologically with Hall's and Brunt's Quadruple ͑HBQ͒ stain method ͓61͔, which employs Alcian blue to stain negatively charged glycosaminoglycans, Direct red to stain collagenous tissue, and Mayer's hematoxylin and celestine blue to stain cell nuclei. A histologic image captured using a Nikon E800M microscope ͑Nikon Instruments, Inc., Melville, NY͒ with CCD camera ͑Optronics, Goleta, CA͒ was visually confirmed be representative of healthy normal mouse tail discs based on our extensive prior experience ͑Fig. 1͑a͒͒.
Because the murine tail disc is axisymmetric, analyses considering uniform axial compression require only one-quarter of the sagittal section to be modeled, with an axis of symmetry at the disc midline and one plane of symmetry at the disc midheight. Hence, 53 points of interest were digitized over one-quarter of the captured image and then fitted using splines. The resulting curves were assembled into surfaces, and a finite element mesh ͑Figs. 1͑b͒ and 1͑c͒͒ consisting of 342 biquadratic elements was subsequently generated by mesh seeding procedures using PATRAN software ͑MSC Software, Santa Ana, CA͒. Convergence studies indicated that predictions were not markedly improved with a more refined mesh.
All element definitions and subsequent FEA were performed using ABAQUS v6.3 ͑Abaqus Inc., Pawtucket, RI͒. Axisymmetric fully saturated porous media elements were used to simulate extracellular matrix-interstitial fluid interactions. As previously validated in our laboratory ͓39͔, the annular ground substance was modeled as an isotropic, compressible porohyperelastic MooneyRivlin material possessing the strain energy function:
where Ī 1 and Ī 2 are the deviatoric strain invariants, J is the volumetric strain, C ij and D i are strain energy coefficients, and N =2. Values for the hyperelastic coefficients ͑C 01 = C 10 = 0.1; C 02 = C 11 = C 20 = 0.01; D 1 = D 2 =35͒ were obtained from previous experiments in our laboratory ͓39͔, and hydraulic permeability of human annulus was obtained from the literature ͓62͔. To simulate lamellar collagen, rebar elements with no compressive stiffness were embedded within the annular ground substance ±30 deg from horizontal. Under the assumption that collagen comprises 16% of the annular volume ͓27,39,63͔, cross-sectional areas and densities of the collagen fibers were computed with linear increases from inner to outer annulus according to the radial variation in tensile properties ͓64,65͔. Although intrinsic viscoelasticity has been shown to exist in other subregions of the disc ͓66-68͔, it was assumed that annular lamellar collagen is the major contributor to intrinsic viscoelastic effects. In the model, viscoelasticity of collagen, whose fascicles have been demonstrated to exhibit viscoelastic behavior, was defined by a two-term Prony series ͑g 1 = k 1 = 0.48, 1 = 8 sec, g 2 = k 2 = 0.51, 2 = 100 sec͒ based on the reduced relaxation function described for mouse tail tendons ͓69͔.
The equilibrium modulus was also obtained from mouse tail tendon fascicles ͓70͔. Cartilaginous endplates were composed of an isotropic material having poroelastic properties reported in the literature ͓67͔. Trabecular bone was modeled as a transversely isotropic poroelastic material ͓71,72͔. The nucleus was modeled as a porohyperelastic material whose stiffness was indirectly obtained from previous experimental and computational work from our lab using mouse discs ͓2,40͔. Specifically, the nucleus was defined as a Mooney-Rivlin material ͑Eq. ͑1͒͒ with N = 1, and coefficients ͑C 01 = 0.01; C 10 =0; D 1 = 100͒. In this study, a swelling capability in nucleus elements was incorporated through an ABAQUS-specific user-defined material subroutine ͑UMAT͒ for a two-parameter Mooney-Rivlin hyperelastic material with an additional strain-dependent dilatational stress. To determine the magnitude of dilatational stress, a relationship between porosity and swelling pressure was developed based on the hydration-osmotic pressure curves for surgical specimens of inner annulus elucidated by Johnstone et al. ͓73͔ and on the assumptions of molecular specific volumes made by Maroudas et al. ͓74͔. While the relationship between porosity and swelling pressure has been shown to be nonlinear ͓75͔, a linear approximation was found to be adequate for the range of porosities of interest in the model:
where ⌸ is the swelling pressure and P is the tissue porosity ͑defined as volume of fluid/total volume͒. Given an initial porosity of 0.75 ͓73,75͔, a deformation-porosity relationship was derived by assuming that the solid component of the nucleus is intrinsically incompressible. These two separate relationships were then used to calculate the effect of swelling on the mechanical response of the nuclear elements for each time increment of the analysis. Strain-dependent permeabilities were implemented for all tissues according to the permeability-porosity relation presented by Argoubi et al. ͓26͔. Material properties used for each tissue are listed in Table 1 . Variations in material properties within each subregion of the spinal motion segment have been well-documented ͓76-78͔, but were not included here to simplify interpretation of model results. Unrestricted interstitial fluid flow was prescribed as a zero pore pressure boundary condition along all nodes at the outer surface of the annulus fibrosus and at the top surface of bone. Mechanical loads were imposed as a pressure stress applied uniformly across the elements of the top surface of bone; nodes along this surface were constrained to remain linear. For all simulations, the reference configuration of the FEM was the disc's full swelling state. Prior to the application of external loads, the model was allowed to attain its fully swelled state, confirmed by ensuring that displacements, pore pressures, and matrix stresses had all reached equilibrium. The geometry was defined such that at full swelling the disc possessed an initial endplate-to-endplate height of 0.62 mm, based on measurements used in a previously reported mouse disc finite element model ͓2͔.
Model Validation. Since both the elastic and time-dependent responses are important for comprehensively characterizing mechanical behavior, validation of the model was performed by demonstrating agreement with ͑1͒ quasi-static tension-compression of denucleated discs and ͑2͒ compressive creep behavior of intact discs from mouse tails. It must be emphasized that validation was performed by direct implementation of material property values obtained from the literature and then comparing model predictions with experimental data, and not simply by adjusting values of these properties to maximize agreement with experiments.
For tension-compression of denucleated discs, model predictions of resultant forces generated by slow strain rate displacements were compared with previously unpublished data from our laboratory ͓40͔. Briefly, five motion segments dissected from the tails of skeletally mature mice were depressurized by drilling a continuous hole axially through the center of the motion segment, thereby leaving an intact annular ring for testing. Fluid pressures both within the nuclear space and outside of the disc were, therefore, assumed to be at ambient levels. Each vertebra was secured using polymethylmethacrylate and mounted onto a materials testing system ͑MTS Bionix 858, Eden Prairie, MN͒. A slow strain rate of 0.0003 mm/ min was used to apply nominal strains of −10% in axial compression followed by +20% in axial tension. Forces exerted by the specimens in response to the displacements were recorded continuously. Reaction forces generated by displacement boundary conditions using a denucleated version of the finite element model were in moderate agreement with experimental data ͑Fig. 2͒, indicating that the annulus material definition was adequate for defining that of mouse tail discs.
For compressive creep behavior, model predictions were compared with experiments previously reported by our lab ͓79͔. In that study, isolated motion segments were subjected to five cycles of 20 min creep loading at 0.4 or 0.8 MPa interspersed with 40 min of recovery. It was demonstrated that one preconditioning cycle was sufficient, as subsequent cycles were not markedly different. Therefore, displacements measured during the second creep cycle were used to compare with the model for validation studies. Finite element analyses of mouse tail discs subjected to both 0.4 ͑data not shown͒ and 0.8 MPa ͑Fig. 3͑a͒͒ revealed displacement magnitudes within the range of experimental values. Since absolute displacements at the end of creep varied from disc to disc, transient behavior was compared by normalizing each FEM and experimental data set with its corresponding value after 20 min of creep. Accordingly, these normalized displacements are zero at the time of load application and equal to 1 at the 20 min mark ͑Fig. 3͑b͒͒. For quantification purposes, we chose to make comparisons between FEM and experimental creep curves using the time to reach 75% of endpoint displacement, denoted t FEM and t exp , respectively. Absolute and normalized displacements for both load magnitudes exhibited good to excellent agreement between model predictions and experiment. Sensitivity Analyses. A systematic set of analyses was performed to determine model sensitivity to material definitions of each soft tissue subregion varied one at a time. In these analyses, discs were subjected to continuous uniform axial compression at 0.8 MPa for 24 h. The mechanical response of the validated model was used as baseline. Permeabilities and stiffnesses of the endplate, nucleus, and annulus were then individually altered above and below values used in the validated model, and their mechanical responses were compared with that of the baseline model. The factors by which material properties were varied are listed in Table 2 . In addition to changes in material properties, model sensitivity to two other features of our model was investigated. One feature, swelling pressure in the nucleus, was removed by eliminating the additional dilatational stress of nucleus elements in the UMAT while maintaining the hyperelastic coefficients in the material definition. The other feature, viscoelasticity of the rebar elements, was examined by removing only the viscous contribution in the material definition.
Outcome variables used to assess model sensitivity to material property changes were: the steady-state and time-dependent compressive displacement; and steady-state hydrostatic stress and octahedral shear strain through the thickness of the annulus at the disc midheight. Transient compressive behavior of discs was quantified by t 0.75 , the amount of time for displacements to reach 75% of steady-state values after load application. Hydrostatic stress and octahedral shear strain in the annulus were selected based on the hypothesized significance of pressure and distortion in mechanobiologic determination of cell phenotype and tissue architecture ͓80͔.
Results

Nonuniform Nucleus Pulposus Compaction During
Compression. During creep compression, spatial variations in deformations were unexpectedly observed in the nucleus pulposus. Although material properties were uniform throughout the nucleus, we noted that porosity adjacent to both the endplate and annulus decreased more rapidly than at the center ͑Fig. 4͑a͒͒. Since smaller tissue porosities correspond to less interstitial fluid space, one can consider this as an increase in matrix compaction at the nuclear periphery. This was true in both axial and radial directions ͑Figs. 4͑b͒ and 4͑c͒͒, indicating contributions not only from the applied axial load but also by the radial constraint of the annulus.
Sensitivity Analyses.
Nucleus, Annulus, and Endplate Stiffness Differentially Alter Disc Mechanics. Parametrically stiffening and softening the nucleus pulposus generated distinct trends ͑Fig. 5͑a͒͒. When the nucleus was defined to be softer than the annulus ground substance, altering the hyperelastic coefficients only slightly affected the disc's overall mechanical response and distributions of hydrostatic stress/deviatoric strain through the annulus midheight. Increasing stiffness of the nucleus above that of the annular ground substance, however, effectively raised the overall compressive stiffness of the disc, thereby decreasing displacement and hydrostatic stress/octahedral shear strain on average through the annulus. Changes in annular stress/strain were observed to occur most dramatically in the inner annulus with decreasing effect outward ͑data not shown͒.
Generally, the mechanical response of the disc was more sensitive to changes in the material definition of the annulus than to changes in that of the nucleus ͑Fig. 5͑b͒͒. Decreasing annular stiffness had effects on hydrostatic stress analogous to increasing the stiffness of the nucleus, but were much more sensitive, so much so that this portion of the analyses was conducted by using factors of only 2. Just as observed for the nucleus, altering annular stiffness led to corresponding changes in whole motion segment stiffness, and is evidenced by the changes in absolute displacements and t 0.75 .
Altering the material properties of the endplate had only minute effects on compressive displacements ͑data not shown͒. Annular hydrostatic stress and octahedral shear strain were also not markedly affected; in general, values changed by less than 3%. Theoretically, since strain-dependent permeability was used, softening of the endplate enhances consolidation rate, and greater decreases in endplate permeability ensue after load application. Nevertheless, endplate softening had only a modest effect on creep.
Relative Permeabilities Among the Endplate, Nucleus, and Annulus Govern Transient
Behavior. Steady-state compressive displacements and annular stress/strain were not appreciably affected by changes in permeabilities for any of the disc subregions ͑data not shown͒. There were, however, marked changes in the transient mechanical behavior as quantified by t 0.75 . In general, decreases in permeabilities resulted in higher t 0.75 , or longer durations to reach steady state, while increases in permeabilities lowered t 0.75 ͑Fig. 6͒. Because endplate permeability was high, relative to those of the nucleus and annulus, the limiting factor for fluid efflux through the endplate was actually nucleus permeability. This was supported by observations that increases in endplate permeability had no effect, and decreases greater than 3 orders of magnitude were required to have any influence on disc creep ͑data not shown͒. Changes in annulus permeability markedly influenced creep, but not to the same degree as comparable changes in nucleus permeability. These data suggest that fluid flow through the annulus plays an important, albeit inferior, role compared with flow through the endplate.
Presence and Absence of Nuclear Swelling. Omission of the swelling component in the nucleus pulposus material definition had a profound impact on the disc's creep behavior in both steadystate and transient aspects. Without swelling, the time for discs to reach steady-state displacement ͑t 0.75 ͒ was much longer than that for baseline discs, and discs were also able to be compressed to a greater extent. To accentuate the effect that removal of swelling pressure had on the disc response, the analysis was taken out to 600 h ͑Fig. 7͑a͒͒. Since swelling pressure causes nucleus elements to expand, the baseline disc model possessed a greater degree of bulging due to the higher forces exerted outward on the annulus ͑Fig. 7͑b͒͒, and suggests that swelling pressure helps resist compression and maintain annular tension during loading.
Viscoelasticity Versus Interstitial Fluid Flow.
Replacing viscoelastic with linearly elastic collagen did not alter steady-state compressive displacement because the elastic modulus of the collagen was unchanged. Preventing fluid from escaping the disc, however, allowed the disc to remain pressurized after loading, inhibiting consolidation of the solid matrix and overall compressive displacement. Normalized displacement curves comparing transient behavior demonstrated that for the case of linearly elastic collagen, displacements reached approximately 70% of steadystate right after load-application ͑Fig. 8͒. In contrast, the baseline model immediately achieved only 25% of steady-state displacement, as did the model having viscoelastic collagen but with restricted fluid efflux. Quantitatively, changing the collagen definition from elastic to viscoelastic increased t 0.75 from 242 to 1344 s. While viscoelasticity clearly slowed disc compression during the initial 2200 s, after this point the model without fluid efflux exhibited greater compressive displacement than those that allowed fluid exchange, regardless of collagen definition. Since fluid flow contributed only to the latter stages of creep, its effect on slowing disc deformation was more subtle than that exhibited by viscoelasticity, since the disc had already become mostly compressed. Though subtle, these results demonstrate that permeation of fluid out of the disc has an important role in the transient compressive response.
Discussion
In this study, material properties derived from human and nonhuman primate disc tissues were implemented in a geometrically accurate finite element model of the murine tail disc. Agreement between FEM predictions and experimental data, without any further curve fitting, demonstrates that material properties reported in the literature were sufficient for our model to capture the gross transient mechanical response of a motion segment subjected to uniform compression. Since only nucleus pulposus stiffness was obtained from murine tissues, agreement of the model with intact disc creep experiments suggests that differences in mechanical behavior observed across species and anatomic locations are likely due to variations of geometry and scale rather than distinctions in composition and architecture. This concept is consistent with similar conclusions drawn from experimental data comparing normalized compression and torsion stiffnesses of rodent discs with those of human discs ͓28͔.
One particularly interesting discovery was that nuclear matrix compaction started at the endplate and annulus boundaries and propagated inward with time, even though material properties were isotropic and homogeneous. This is a phenomenon that, to our knowledge, has not been previously reported for intervertebral disc models, but is one that we have been able to capture by explicitly simulating fluid-matrix interactions. Such a response can be associated with an analogous process of matrix consolidation noted in articular cartilage ͓43͔. Interstitial fluid at the nucleus periphery has an immediate avenue of flow outward through the endplates and annulus while the center remains pressurized. Importantly, this preferential compaction does not appear Angle from horizontal −20,−5, +5, +20, +30 deg to be just an artifact of the model, but does, in fact, support earlier findings that notochordal cells near the endplate and annulus boundaries were compacted after loading ͓81͔. Moreover, in vivo cellular responses in loaded mouse discs ͓2,3͔ consistently exhibited marked changes in gene expression and apoptosis at the nucleus periphery during short-term loading events. Taken together these findings raise the possibility that induction of apoptosis may occur when cell integrity is physically compromised due to matrix compaction. Fig. 4 Preferential compaction of the solid matrix at the periphery of the nucleus pulposus "along both endplate and inner annulus borders… as evidenced by "a… spatial gradients in porosity at the 2 h time point during 0.8 MPa axial compression. Time-course plots of porosity at various points in the nucleus along the "b… axial and "c… radial directions illustrate the rates at which matrix is compacted. Letters in the plot legends refer to the points along the disc axis and midheight illustrated in "a…. However, because permeability of the endplate was high relative to that of the nucleus and annulus, endplate changes had no effect on t 0.75 within this range.
From the sensitivity analyses, changes in load-sharing patterns were evident with variation of soft tissue stiffness. As a previous parametric study in a model of the human cervical spine likewise found ͓82͔, altering endplate stiffness had little effect on disc stress. Conversely, relative stiffnesses between the nucleus and annulus had a large effect on their load-sharing roles. As long as stiffness of the nucleus remained lower than that of the annulus, the nucleus was able to pressurize the disc and generate annular tension rather than support axial load. Once the nucleus became stiffer than the annular ground substance, however, compressive load-bearing responsibilities of the annulus were reduced, dramatically altering stress/strain. The importance of regional tissue stiffness, particularly for the annulus, in mechanics of the disc and its adjacent tissues has been pointed out in other parametric studies of disc models ͓82-84͔.
As others have observed using FEA ͓35͔, fluid permeation strongly influenced transient disc response. However, the degree that the annulus contributes to interstitial fluid exudation from the disc remains a subject of debate ͓85-87͔. Our analyses revealed that fluid flow out of the disc during compression was greater through the endplate than through the annulus, but that the endplate pathway did not dominate overall fluid loss from the disc. Because these opposing fluid efflux pathways exist, overall transient disc mechanics is greatly dependent on an effective permeability arising from interactions among disc subregions. Theoretically, errors in interstitial fluid flow predictions would result in errors in transient internal stress/strain predictions, even while gross mechanical response appears accurate at steady state. Thus, well-controlled and more sophisticated experiments, such as using radiolabeling or imaging techniques, need to be performed in order to validate permeability definitions and differentiate between annulus and endplate fluid efflux pathways.
Insensitivity of disc mechanics due to the high endplate permeability used is a bit more difficult to interpret because, while biochemical and morphological changes in the endplate alter transport properties ͓88͔ and have been noted with aging and degeneration in human discs ͓89-93͔, permeability changes have never been directly measured. This suggests that small decreases could affect nutrient diffusion, but only very large decreases in endplate permeability would inhibit nutrient convection. Intrinsic viscoelasticity has also been reported to be important in endplate mechanics ͓67͔, and would be expected to influence the manner by which permeability decreases with disc loading. However, early in the investigation we found that endplate deformations were small and that the model was insensitive to variations endplate permeability. Therefore, endplate viscoelasticity was not included but could be important for disc nutrition, which is highly dependent on pore size.
In agreement with what others have published ͓30,32͔, we determined that swelling pressure contributes dramatically to disc mechanics. Previously reported computational models of the disc implement swelling essentially by translating chemical or electrochemical potentials into mechanical phenomena ͑i.e., traction on the matrix or fluid pressure͒ ͓30,32,94͔ and, therefore, require knowledge of how ionic concentration or fixed charge density changes with tissue deformation. The manner by which swelling is implemented in our current model circumvents accounting directly for electrochemical effects, and computes for each element a dilatational stress based only on a relationship we established using reported empirical measurements of disc tissue porosity and swelling pressure ͓73,95͔. While more phenomenological, this approach allowed us to incorporate swelling, rather straightforwardly, into commercially available FEA software.
Since nucleus swelling generates an osmotic pressure gradient tending to drive fluid into the disc, it was not surprising that removing swelling pressure resulted in greater compressive strain. The decreased rate of creep observed without swelling is also intuitive as nucleus elements, unable to maintain a higher porosity without swelling, experience greater reduction in permeability and Fig. 7 Finite element analysis demonstrated that omission of swelling pressure from the nucleus results in "a… prolonged creep behavior and higher levels of compressive strain, together with "b… decreased bulging of the disc. These observations are due to the decreased tendency for nucleus elements to expand, a phenomenon that functions to pressurize the disc and support axial loads. slower fluid exudation. Physiologically, it has been observed that with aging and degeneration there is a decline in nucleus proteoglycan content, the chief determinant of swelling pressure ͓95-97͔. Such changes necessarily result in altered biomechanics of the motion segment.
Finally, defining collagen as viscoelastic rather than linearly elastic had significant impact on the disc's early mechanical response, in agreement with what others have found using either an analytical model of the disc ͓98͔ or finite element models ͓24,34͔. Because collagen is the main structural molecule in the annulus, we assumed that annular lamellar collagen was the predominant source of flow-independent viscoelasticity. Conceptually, pressurization of the nucleus immediately after loading places the annulus in tension and subjects collagen fibers to greater forces and higher strain rates. Since initial tissue porosities allow fluid to be exchanged with little resistance, it is the collagen viscoelasticity that limits the strain rates achievable by the annulus at early timepoints. After a period of compressive loading, matrix consolidation results in decreased annular tension and tissue permeability. At this point, collagen subjected to less force and lower strain rates, while it becomes more difficult for fluid to escape the disc. Our model predicted this transition point between viscoelasticityand poroelasticity-limited strain rate to occur at approximately 2200 s following load application. Although it is generally acknowledged that both the fluid and solid contribute to the gross time-dependent behavior of motion segments, there is not yet a consensus on the contributions of each phase.
In summary, validation of our mouse tail disc FEM, which utilized independently reported disc material properties, suggests that differences in disc mechanics among various species may be due predominantly to geometric and/or scaling factors. Using porous media elements in our FEM allowed us to elucidate heterogeneous deformations in the nucleus pulposus, a phenomenon that had not previously been reported in disc. Sensitivity analyses ͑summarized in Table 3͒ demonstrated that relative stiffnesses and permeabilities between nucleus and annulus determined relative load-sharing and transient creep behavior. In addition, we recommend inclusion of nuclear swelling and independent parameters for intrinsic tissue viscoelasticity and interstitial fluid flow. These factors were demonstrated to have profound influence on transient disc mechanical response and load distribution, both among disc subregions and between fluid and solid phases of disc tissue. Omitting any of these phenomena may lead to erroneous estimations of other tissue properties in the process of matching both transient and steady-state gross mechanics of the motion segment, and may potentially impact regional and microstructural-level predictions of stress/strain. One final recommendation emerging from this study is the need for more extensive material characterization of the nucleus, whose mechanics is closely associated with that of the annulus and whose permeability is critical for determining disc fluid exudation mechanisms.
While our analyses were based on material properties of soft tissue components reported in the literature, our sensitivity studies demonstrated that combinations of parameters used may not be unique for eliciting a particular mechanical response. Of note are the soft tissue permeabilities, nucleus swelling pressure, and collagen viscoelasticity, which likely can be adjusted in certain combinations to yield very similar compressive creep behavior. In addition, our current FEM possesses dramatic changes in tissue properties from one subregion to another which, while reflective of tissue histologic appearance, are likely less abupt physiologically. These abrupt changes in material properties may be important in predictions of stress/strain at the boundaries. Because of the dearth of data on the material properties of mouse disc tissue, the significance of these sensitivity analyses is that they allow us to identify which parameters warrants closer attention. In this study, validation of steady-state and transient responses focused on the tissue level. Although the sensitivity of annular stress/strain predictions was examined, the model as validated can only identify trends and relative changes. There may be instances, however, where absolute magnitudes of stress/strain may be required. In such cases, microstructural validation studies will be needed such that regional variations in stress/strain are accurately predicted. The establishment of such a validated model would have significant impact for studies on soft tissue mechanobiology using rodent tail discs. 
